A more detailed view of the oscillating function on one side of the interface is seen in Figure 2 . Note that the first peak (primary maximum) overshoots the ideal intensity line to a greater degree than successive peaks and valleys do. A similar oscillating function is generated on the low-intensity side of the interface, as seen in Figure 1 B. The sum total of the oscillating functions on either side of the interface and the sloping, nearly vertical line passing through the ideal interface is called a sine integral function.
This function is the graphic representation of the object and includes truncation artifact. The difference between the ideal step function and the sine integral function shown in Figure 1 B is truncation artifact. Each peak and valley of the sine integral function will correspond to a band of high and low intensity on MR images. The truncated data can be written However, the position of the truncation artifacts (fluctuations in signal intensity) in the image is not represented precisely by a sinc function, but rather by an integral of the sinc function, the sine integral function [2] . This is because the signal output is expressed in terms of a convolution of two functions of time in equation 2, but this equation cannot be solved in thisform. To solve equation 2, it must be rewritten as a so-called convolution integral, which for a step function is given by:
where x = wt (i.e., frequency x sampling time). The reconstructed signal is now expressed as a sine integral function. When equation 3 is solved, the result is a distribution of signal intensities at different frequencies.
Because the strength of the read-out gradient is known across the object, the spatial Since the wavelength L of an oscillating function with a constant frequency of oscillation is always a distance of 2 r radians, the peaks and valleys (maxima and minima) of the sine integral function always occur at distances from the interface that are multiples of r (Fig. 2) . Because pixel diameter (PD) is defined as PD = FOV/N (FOV = field of view, N = matrix size) and L = 2 x PD, then a 1-pixel diameter is a distance of 1 r radians from the interface. Therefore, the peaks and valleys of the sine integral function always occur at distances from the interface that are integer multiples of the pixel diameter, regardless of field of view or matrix. It is the pixel diameter that determines the width and spacing of the truncation bands seen on MR images. It is apparent from Figure 2 that each peak or valley is slightly less than 1 pixel in width (measured as the width of each peak at one-half its height). The effect ofdecreasing pixel diameter is to compress the oscillating function toward the interface (i.e., narrowing the width of each peak and valley thereby crowding them closer together [2] ).
Materials and Methods
Truncation phenomena were studied with a computer simulation to display graphically the sine integral function, which is the mathematical function describing object appearance including truncation artifact. The sine integral function was generated for i 28 x 256 and 256 x 256 matrices, for one interface and for two interfaces separated by a variable distance. The distance between the interfaces ranged from two to four wavelengths of the sine integral function (the interfaces were separated by 4-8 pixels).
The MR appearance of the truncation artifacts was studied in a 
Results
The plot generated by a sine integral function produced at a single discontinuity interface is seen in Figure 2 . The sine integral functions generated by two boundaries are shown in Figure 3A . When two boundaries of high contrast are separated by 4 pixels, the sinc functions generated by these two boundaries overlap maximally. The function resulting when two sine integral functions are generated and summed together is shown in Figure 3B . Note that the central valley passes beneath the ideal intensity line and two prominent peaks are adjacent to either interface above the ideal intensity line. The implication of this observation is that a prominent band will appear midway between the boundaries, which is lower in intensity than the adjacent tissue. The two peaks above the ideal intensity line on either side of midline indicate that bands of higher signal intensity than that of the actual tissue will occur on either side of the midway point, which distorts the signal intensity of the tissue in this region. The oscillating function that results when two boundaries are placed farther apart (4.5 pixels) is plotted in Figure 4A . The summation of these two functions is plotted in Figure 4B .
Note that the central valley in this case is wider than that shown in Figure 3B and has diminished amplitude. In a similar fashion, the two peaks located above the ideal intensity line are wider compared with the situation demonstrated in Figure 3A.
When the boundaries are moved 8 pixels apart, the overlapping sine integral functions generated by each boundary (Fig. 5A) produce the summation function plotted in Figure  SB . In this situation there are now four peaks above the ideal intensity line and three valleys below it. However, none of the valleys (minima) have as large an amplitude as that demonstrated in Figure 3B . In other words, the central dark band widens but diminishes in amplitude as the interboundary distance changes from 4 to 4.5 pixels.
At this interboundary spacing, four peaks
With a 256 x 256 matrix, there are several faint alternating low-and high-signal bands within the test tubes (Fig. 6,  bottom row, test tube 2). These bands appear thinner and less intense because the pixel diameters have been reduced by one-half by increasing matrix size from 1 28 x 256 to 256
x 256. Therefore, increasing matrix size has an effect similar to increasing the distance between boundaries from 4 to 8 pixels (Fig. 5) . Posterior dural sac margin is thinner (curved arrow).
8. 
Discussion
A test tube phantom is not a perfect phantom for demon- 3). One example is the highly contrasting interfaces between CSF and spinal cord on Ti -weighted cervical spine MR irnages. When the distance between anterior and posterior margins of the cord is approximately 4 pixels (depending on field of view and matrix size), a midline truncation band is apparent in the cord (Fig. 9) . A central truncation band is dark compared with the cord on Ti-weighted images because the CSF is dark [1 1] . This situation is shown schematically in Figure 9A . The sum of the sine integral functions generated by each cord/CSF interface is negative midway between the interfaces and is negative in amplitude relative to the true tissue intensity of the cord. The central truncation band will never be as dark as CSF, however, because the amplitude of the function is never greater than 9% of the signal-intensity difference at the cord/CSF interface. The dark truncation band within the cord on a 1 28 x 256 matrix may be confused with a syrinx [1 1] . This truncation band is not apparent when the matrix size is changed to 256 x 256 (Fig. 9C ).
The opposite situation is seen whenever the CSF is of higher signal than the cord, such as on a T2-weighted image of the cervical spine (Fig. 10) . This situation is shown schematically in Figure 1 of the cord as a thin stripe of high signal anterior to cord midline when a 256 x 256 matrix is used (Fig. 1OC) [1 1] . It is obvious from these two examples that the central truncation band between two interfaces always reflects the signal intensity of the tissue outside the interfaces but not to the same degree of intensity. There are other situations in which truncation bands distort the signal intensity of other tissues in the spine such as the intervertebral disk and bone marrow ( Fig.   1 1) .
Other features of truncation phenomena relevant to MR imaging have not been stressed in the literature. For example, truncation artifacts impart an edge-enhancing characteristic to any high-contrast interface. This edge-enhancing effect is due to the presence of the first large peak or valley adjacent to the interface. This can be seen schematically in Figure 1OA . Note that the summed function dips below the intensity of the cord on either side of the cord midline. This results in an abnormally low signal intensity ofthe cord between the central bright truncation band seen in Figure lOB and the cord/CSF interface.
Similarly, the CSF adjacent to the cord is brighter than in reality because of the overshoot of the sine integral functions seen in Figure 1OA . The truncation bands in the CSF, however, may not be apparent depending on the window levels and widths selected. The initial overshoot and undershoot on either side of the interface cannot be eliminated even by increasing the matrix infinitely (refer to the mathematical description of Gibb phenomenon 
